Severe autonomic dysfunction, including the loss of control of the cardiovascular, respiratory, and gastrointestinal systems, is a common comorbidity of stroke and other bleeding head injuries. Previous studies suggest that this collapse of autonomic control may be caused by thrombin acting on astrocytic protease-activated receptors (PAR1) in the hindbrain. Using calcium imaging and electrophysiological techniques, we evaluated the mechanisms by which astrocytic PAR1s modulate the activity of presynaptic vagal afferent terminals and postsynaptic neurons in the rat nucleus of the solitary tract (NST). Our calcium-imaging data show that astrocytic and neuronal calcium levels increase after brain slices are treated with the PAR1 agonist SFLLRN-NH 2 . This increase in activity is blocked by pretreating the slices with the glial metabolic blocker fluorocitrate. In addition, PAR1-activated astrocytes communicate directly with NST neurons by releasing glutamate. Calcium responses to SFLLRN-NH 2 in the astrocytes and neurons significantly increase after bath application of the excitatory amino acid transporter blocker DL-threo-␤-benzyloxyaspartic acid (TBOA) and significantly decrease after bath application of the NMDA receptor antagonist DL-2-amino-5-phosphonopentanoic acid (DL-AP5). Furthermore, astrocytic glutamate activates neuronal GluN2B-containing NMDA receptors. Voltage-clamp recordings of miniature EPSCs (mEPSCs) from NST neurons show that astrocytes control presynaptic vagal afferent excitability directly under resting and activated conditions. Fluorocitrate significantly decreases mEPSC frequency and SFLLRN-NH 2 significantly increases mEPSC frequency. These data show that astrocytes act within a tripartite synapse in the NST, controlling the excitability of both postsynaptic NST neurons and presynaptic vagal afferent terminals.
Introduction
Gastrointestinal stasis, nausea, emesis, and anorexia are common comorbidities of patients with ischemic or bleeding traumatic brain injury (Young et al., 1992; Lu et al., 1997) . Similar complications also can occur after other traumatic bodily injuries, burns, and transplantation surgeries associated with extensive bleeding (Berkowitz et al., 1995; Sodhi et al., 2002) . These patients can require aggressive nutritional or gastrointestinal surgical interventions due to gastric feeding intolerance (Akindipe et al., 2000) and prolonged gastric stasis can require intensive management of the airway due to the significant risk of aspiration (Berkowitz et al., 1995) . Elevated intracranial pressure cannot fully explain the visceral malaise that occurs after head injury (Larson et al., 1984; Garrick et al., 1988) and is not a factor in gastrointestinal dysfunction after injuries that occur outside of the CNS. One common factor in these injuries producing autonomic failure is the significant increase in the production of the serine protease thrombin (Gingrich and Traynelis, 2000; Junge et al., 2003; Olson et al., 2004; Nicole et al., 2005; Xi et al., 2006; Lavrentieva et al., 2008; Hamill et al., 2009) .
Thrombin catalyzes the proteolysis of fibrinogen to enable clot formation and wound healing (Gingrich and Traynelis, 2000) and also activates protease-activated receptors (PARs) found on platelet, endothelial, intestinal, airway, and brain cells (Coughlin, 2000; Traynelis and Trejo, 2007) . Four PARs (PAR1-PAR4) have been identified in the mammalian genome and differ in cellular expression and activating protease (Coughlin, 2000; Traynelis and Trejo, 2007) . PAR1 is activated by the cleavage of the extracellular N-terminal domain by proteases such as thrombin and plasmin. This cleavage releases a tethered ligand (SFLLRN) that activates the receptor and initiates a signaling cascade through G␣ q/11 , G␣ i/o , or G␣ 12/13 G-proteins (Coughlin, 2000; Macfarlane et al., 2001; Traynelis and Trejo, 2007) . In the medullary hindbrain nucleus of the solitary tract (NST), PAR1 is expressed exclusively in astrocytes (Hermann et al., 2009 ), but may be expressed in both neurons and astrocytes in the hippocampus, dentate gyrus, basal ganglia, cortex, and amygdala (Weinstein et al., 1995; Niclou et al., 1998; Striggow et al., 2001; Wang et al., 2002; Junge et al., 2004) .
Our previous studies have shown that activation of PAR1 evokes a dramatic increase in cytoplasmic calcium in NST astrocytes. This event apparently drives excitatory gliotransmitter release onto NST neurons. In turn, gastric vago-vagal reflexes are invoked, significantly slowing gastric transit (Hermann et al., 2009 ). Therefore, it is possible that the suppression of gastric motility and other autonomic events caused by bleeding head injuries is a result of thrombin activation of astrocytic PAR1 in the NST. Although it is clear that astrocytic PAR1 activation influences NST neurons, the mechanisms by which astrocytes and PAR1 control the NST have not been evaluated. To address this question, we used live-cell calcium-imaging coupled with wholecell voltage-clamp recordings to identify the gliotransmitter released by activated NST astrocytes and the receptors that mediate the neuronal calcium response.
Materials and Methods
Animals and procedures. Long-Evans rats (27 female, 2 male; 130 -300 g) were used for these studies. Animals were obtained from the breeding colony at Pennington Biomedical Research Center, were maintained in a room with a 12 h light/dark cycle with constant temperature and humidity, and had access to food and water ad libitum. All experimental protocols were approved by the Institutional Animal Care and Use Committees of Pennington Biomedical Research Center and were performed according to the guidelines determined by the National Institutes of Health.
Direct injection of SR101 and calcium green-1 AM into the NST. For our live-cell calcium-imaging experiments, the dyes calcium green-1 AM (CAG) and sulforhodamine 101 (SR101) were injected into the NST as described previously (Hermann et al., 2009) . CAG is a calcium reporter dye that labels both neurons and astrocytes, whereas SR101 labels only astrocytes (McDougal et al., 2011) , allowing us to discriminate between astrocytes and neurons in our imaging recordings. Briefly, animals were deeply anesthetized using ethyl carbamate (urethane; 1.5 g/kg; Sigma); urethane readily washes out of the brain slices (Hara and Harris, 2002) . The animals were placed in a stereotaxic frame, the occipital plate of the skull was removed using aseptic technique, and the medullary brainstem was exposed. A micropipette (50 m tip diameter) filled with 1% CAG (Life Technologies), 0.3% SR101 (Sigma), and 10% pluronic-DMSO (Life Technologies; Tris-PBS buffer, pH 7.2) was directed into the solitary nucleus using a stereotaxic carrier. Three to four injections of the pipette solution (40 nl each) were made unilaterally in the rostrocaudal direction to fill the NST at a depth of 300 m below the surface. Cellular uptake of these dyes occurred within 30 -45 min. The anesthetized rat was decapitated and the brainstem was quickly harvested.
Brainstem slice preparation. The prelabeled brainstem was glued to the stage of a vibrating microtome (Leica VT1200) and submerged in a cold (4°C) carbogenated (95% O 2 /5% CO 2 ) cutting solution containing the following (in mM): 92 N-methyl-D-glucamine, 30 NaHCO 3 , 25 glucose, 20 HEPES, 10 MgSO 4 -7H 2 O, 5 sodium ascorbate, 3 sodium pyruvate, 2.5 KCl, 2 thiourea, 1.25 NaH 2 PO 4 , and 0.5 CaCl 2 , titrated to pH 7.4 with HCl (Zhao et al., 2011) . The brainstem was cut into coronal sections (300 m thick), which were incubated at 32-34°C in the cutting solution for 10 -15 min. The brainstem sections subsequently were incubated at room temperature (22-24°C) for 1-5 h in carbogenated recording solution containing the following (in mM): 124 NaCl, 25 NaHCO 3 , 10 glucose, 3 KCl, 2 CaCl 2 , 1.5 NaH 2 PO 4 , and 1 MgSO 4 -7H 2 O, which was supplemented with 5 sodium ascorbate, 3 sodium pyruvate, and 2 thiourea and titrated to pH 7.4 with HCl (Zhao et al., 2011) .
Live-cell calcium imaging. Live-cell calcium imaging of prelabeled astrocytes and neurons was performed as described previously (Hermann et al., 2009) . Note that our previous studies showed that repeated exposures to SFLLRN-NH 2 did not evoke comparable fluorescence responses, so each slice could not serve as its own control (Hermann et al., 2009) . Briefly, slices were placed in the chamber of a Nikon F1 fixed stage upright microscope and perfused with carbogenated recording solution containing one of the following pharmacological modulators (33°C; 2.5 ml/min flow rate): control (recording solution alone); suramin (100 M), a purinergic P2 receptor antagonist (Abcam); DL-threo-␤-benzyloxyaspartic acid (TBOA; 100 M), an excitatory amino acid transporter reuptake inhibitor (Tocris Bioscience); DL-2-amino-5-phosphonopentanoic acid (DL-AP5; 200 M), an NMDA receptor antagonist (Tocris Bioscience); DNQX (20 M), an AMPA receptor antagonist (Abcam); DL-2-amino-3-phosphonopropionic acid (DL-AP3; 300 M), an mGluR antagonist (Tocris Bioscience); ifenprodil (3 M), a GluN2B NMDA receptor antagonist (Abcam); or TCN 201 (10 M), a GluN2A NMDA receptor antagonist (Abcam). After pharmacological pretreatment by incubation in the recording chamber for 10 min, the slices were stimulated by an 80 s application of 45 M SFLLRN-NH 2 (Peptides International), a selective PAR1 agonist, and were then washed with recording solution alone.
Selective inhibition of glial metabolism by fluorocitrate (FC) was as described previously (Hassel et al., 1992; Bonansco et al., 2011) to determine whether the SFLLRN-NH 2 effects were mediated by astrocytic PAR1. Note that our own, in vivo, neurophysiological work has demonstrated that FC has no independent effect to alter NST neuron activity (Hermann et al., 2014) . For those imaging experiments, slices were incubated in 200 M FC for 20 -25 min before being placed in the recording chamber. SFLLRN-NH 2 was applied as described above and, after 10 minutes of incubation in normal recording solution, the slice was exposed to 1 mM L-glutamate and 100 M ATP prepared in recording solution (Fig. 1) . The glutamate/ATP challenge was used as a control to Figure 1 . Astrocytic and neuronal responses to SFLLRN-NH 2 . A, SR101 selectively labels astrocytes (left) and CAG is the calcium reporter dye and labels both astrocytes and neurons (middle). Overlaying the two images allows for identification of neurons and glial cells (right). Scale bar, 8 m. B, Prelabeled hindbrain slices containing the NST were activated by SFLLRN-NH 2 , which resulted in an increase in the fluorescence intensity of the CAG signal for both glial and neuronal cells. Responses to SFLLRN-NH 2 are represented as (⌬F/F )%. C, Timeline of the fluorocitrate-imaging experiments. Slices were pretreated with FC for 30 -35 min and then bath exposed to SFLLRN-NH 2 for 80 s. After SFLLRN-NH 2 stimulation, the slices were perfused with recording solution alone for 10 min and then stimulated with L-glutamate plus ATP (60 s) to confirm that the astrocytes and neurons were capable of producing agonist-evoked calcium responses after FC treatment. D, Inhibiting astrocytic activity with FC significantly inhibited both the neuronal and astrocytic responses to stimulation with SFLLRN-NH 2 . Data were analyzed for statistical significance with an unpaired t test. *p Ͻ 0.05 compared with the control neuronal response.
ϩ p Ͻ 0.05 compared with the control glial response. E, After FC washout, stimulation with L-glutamate plus ATP evoked a robust response from both neurons and astrocytes, demonstrating that FC effects are reversible and that these cells were still healthy. Only those astrocytes and neurons that responded to L-glu/ATP after FC exposure were included in our FC analyses (Fig. 1D) .
confirm that the neurons and astrocytes were capable of producing calcium signals in response to agonists. Only neurons and astrocytes that produced a calcium response after glutamate and ATP application were included in our FC analyses. Similar controls were conducted for the DL-AP5 and presynaptic transmission block experiments.
A Prairie Technologies (Bruker) line-scanning laser confocal head equipped with a Photometrics CoolSNAP HQ camera performed timelapse laser confocal calcium imaging at a rate of three frames per second. The CAG-labeled cells were visualized using a 488 nm excitation/509 nm emission filter and the SR101-labeled astrocytes were visualized using a 568 nm excitation/607 nm emission filter.
Calcium-imaging data analysis. Nikon Elements AR software was used to analyze the confocal live cell fluorescent signals in the astrocytes and neurons as described previously (Hermann et al., 2009 ). Individual astrocytes and neurons were designated as regions of interest and their fluorescence signal over time was captured. Background fluorescence was subtracted from the fluorescence signal. The relative changes in cytoplasmic calcium in the cells were expressed as changes in fluorescence [(⌬F/F)%], where F is the intensity of the baseline fluorescence signal before stimulation and ⌬F is the difference between the peak fluorescence intensity and the baseline signal. Data were evaluated for significance using the unpaired t test (to compare the responses evoked by SFLLRN-NH 2 under control conditions with the responses evoked after FC pretreatment and to compare the responses evoked by SFLLRN-NH 2 under control conditions with the responses evoked under presynaptic transmission blockade) or one-way ANOVA and Tukey's post hoc test (for the remaining analyses). Significance was set at p Ͻ 0.05. Data are reported as mean Ϯ SEM.
Voltage-clamp recording from neurons in the NTS. Given that astrocytes are not electrically excitable, prelabeling of the astrocytes and neurons was not necessary; however, all other preparations are as described in the "Brainstem slice preparation" section for our electrophysiological recordings. Slices were placed in the recording chamber of an upright microscope and perfused with normal recording solution supplemented with 0.5 M TTX to block sodium channels and to prevent action potentials; 10 M bicuculline was added to inhibit GABA receptors (Lee et al., 2007) . Recording electrodes were filled with solution containing the following (in mM): 120 Cs-methanesulfonate, 15 CsCl, 10 tetraethylammonim chloride, 10 HEPES, 8 NaCl, 3 Mg-ATP, 1.5 MgCl 2 , 0.3 Na-GTP, and 0.2 EGTA at pH 7.3 (Guzman et al., 2009 ). Recordings of NST mEPSCs (V HOLD ϭ Ϫ60 mV) were made using a Multiclamp 700B amplifier (Molecular Devices), filtered at 8 kHz, and digitized at 20 kHz using Axon pClamp10 software.
Electrophysiology data analysis. Spontaneous miniature EPSCs (mEPSCs) from whole-cell voltage-clamp recordings from NST neurons were analyzed as described previously using the Mini Analysis Program (Synaptosoft; Lee et al., 2007) . Only events with amplitudes Ͼ3 times the root mean square noise were included in the analysis. Selected mEPSCs from each recording were scaled and averaged, and the deactivation time constants were calculated by fitting the following single exponential equation to the data:
where is the deactivation time constant and Amp is the current amplitude of the deactivation component.
Statistical significance of the distribution of mEPSC inter-event intervals was determined using the Kolmogorov-Smirnov nonparametric analysis and the paired t test (for the control vs SFLLRN-NH 2 experiments) or one-way ANOVA with repeated measures and Tukey's post hoc test (for the FC and FC plus SFLLRN-NH 2 experiments) were used to evaluate amplitudes and deactivation time constants for statistical significance. Significance was set at p Ͻ 0.05. Data are reported as mean Ϯ SEM.
Results

Astrocytes mediate the PAR1 response in the NST
Although previous immunohistochemical studies indicated that PAR1 is expressed exclusively on astrocytes in the NST (Hermann et al., 2009), we used live-cell calcium imaging of rat hindbrain slices that contained the NST and pharmacological inhibition of the astrocytes with fluorocitrate to evaluate the specificity of PAR1 activation in the NST. Astrocytes were preloaded with the astrocyte-specific dye SR101 and both the astrocytes and neurons were preloaded with the calcium-sensitive dye CAG (Fig. 1A ). An increase in intracellular calcium corresponded to an increase in fluorescence and is indicative of cellular activation. In control experiments, selective activation of PAR1 evoked a 25.7 Ϯ 1.5% increase in astrocytic fluorescence compared with resting baseline levels (n ϭ 121) and the peak neuronal fluorescence was 14.1 Ϯ 1.2% compared with the baseline (n ϭ 39; Fig. 1 B, D, Table 1 ).
Pretreating the slices with FC to block astrocyte metabolism (Bonansco et al., 2011) resulted in significantly reduced responses to SFLLRN-NH 2 in both astrocytes and neurons (astrocytes: 4.8 Ϯ 1.8%; n ϭ 28; neurons: 3.0 Ϯ 1.5%; n ϭ 30; unpaired t test; p Ͻ 0.05; Fig. 1C ,D, Table 1 ). To confirm that the neurons and astrocytes were still viable after FC treatment, the slices were bathed in normal recording solution for 10 min after SFLLRN-NH 2 application, after which the slices were exposed to 1 mM L-glutamate plus 100 M ATP for 60 s (Fig. 1C,E) . The glutamate/ ATP challenge evoked robust calcium responses in both astrocytes (23.9 Ϯ 5.4%, n ϭ 28) and neurons (35.9 Ϯ 7.5%, n ϭ 30). Only those astrocytes and neurons that had a calcium response after ATP/glutamate application were included in our FC analyses.
In a separate experiment, we pretreated the slices with FC and then immediately bath applied the glutamate/ATP challenge to evaluate whether the neurons could respond to other agonists while astrocytic metabolism was inhibited. In these experiments, the glutamate/ATP challenge evoked responses in both the astrocytes (20.5 Ϯ 1.2%, n ϭ 39) and the neurons (36.0 Ϯ 2.1%, n ϭ 49). Therefore, astrocytic and neuronal ligand-gated ion channels (i.e., for glutamate and ATP) remain functional while under the influence of FC (Table 2) . However, the metabotropic actions of SFLLRN-NH 2 on PAR1 receptors and the gliotransmission response to elevated cell calcium are diminished (Fig. 1D ), similar to what has been observed with FC treatment in previous studies (Clarke, 1991; Martín et al., 2007; Bonansco et al., 2011; Choe et al., 2012; Tanahashi et al., 2012) . Furthermore, these data suggest that astrocytes, but not neurons, are selectively activated by the PAR1 agonist SFLLRN-NH 2 , which results in gliotransmitter release and neuronal activation.
NST astrocytes activate NST neurons directly after PAR1 stimulation
The increase in neuronal calcium after astrocytic PAR1 activation may be due to direct gliotransmitter release onto the postsynaptic neurons or could be caused indirectly by astrocytic stimulation of the glutamatergic presynaptic inputs (e.g., from vagal afferents) that synapse upon NST neurons. Therefore, to discount the possibility of action-potential-dependent or spontaneous neuronal glutamate release, TTX (0.5 M), high Mg 2ϩ (6 mM), and low Ca 2ϩ (0.9 mM) were added to the perfusion bath to inhibit presynaptic glutamate release (Katz et al., 1997) . As a demonstration of the ability to impede presynaptic neurotransmitter release via the use of high Mg 2ϩ and low Ca 2ϩ presynaptic transmission blockade, we compared mEPSC frequencies and amplitudes recorded in the control recording solution (0.5 M TTX, 10 M bicuculline, 3 mM Ca 2ϩ , and 1 mM Mg 2ϩ ) and under presynaptic block conditions (TTX and bicuculline, 0.9 mM Ca 2ϩ , and 6 mM Mg 2ϩ ). The frequency of mEPSC occurrence decreased from 12.9 Ϯ 4.6 Hz to 5.0 Ϯ 1.6 Hz (n ϭ 4) and the inter-event interval shifted significantly to the right ( p Ͻ 0.05; Kolmogorov-Smirnov nonparametric analysis; Fig. 2 ). mEPSC amplitude was not significantly different between the two conditions ( p Ͼ 0.05; paired t test). These data suggest that presynaptic glutamate release is significantly limited under the presynaptic block conditions, favoring astrocyte-to-neuron communication in these experiments.
Next, we evaluated whether the neuronal response after bath application of SFLLRN-NH 2 was decreased after presynaptic inhibition. Bath application of SFLLRN-NH 2 evoked robust, yet significantly reduced, peak response signals in both the astrocytes (21.6 Ϯ 1.1%; n ϭ 180) and neurons (9.5 Ϯ 0.6%; n ϭ 141) compared with the controls (Fig. 2 ; p Ͻ 0.05; unpaired t test). Therefore, these data suggest that the majority of the neuronal response is due to direct astrocyte-to-neuron gliotransmission, but a small component of the neuronal response may be due to astrocyte-induced presynaptic glutamate release.
NST astrocytes release glutamate after PAR1 activation
Two of the most common excitatory gliotransmitters are ATP and glutamate (Parpura et al., 1994; Bezzi et al., 1998; Coco et al., 2003; Angulo et al., 2004; Fellin et al., 2004) . Bath application of the purinergic P2 receptor antagonist suramin for 10 minutes before PAR1 stimulation (Evans et al., 1992) did not significantly affect the responses of either the astrocytes (25.1 Ϯ 1.1%; n ϭ 79) or neurons (13.6 Ϯ 1.3%; n ϭ 39) relative to their responses under control conditions (Fig. 3, Table 3 ; p Ͼ 0.05; one-way ANOVA with Tukey's post hoc test). These data suggest that astrocytes activated by PAR1 stimulation do not use ATP as a gliotransmitter to evoke neuronal calcium release.
In contrast, bath application of the excitatory amino acid transporter blocker (i.e., reuptake blocker) TBOA for 10 min before PAR1 stimulation (Huda et al., 2013) significantly increased the evoked responses to SFLLRN-NH 2 in both astrocytes (31.5 Ϯ 2.0%; n ϭ 110) and neurons (20.2 Ϯ 1.1%; n ϭ 48) compared with the control (Fig. 3, Table 3 ; p Ͻ 0.05; one-way ANOVA with Tukey's post hoc test). These data suggest that glutamate is the gliotransmitter released from astrocytes after PAR1 activation.
GluN2B-containing NMDA receptors mediate the NST neuronal response to PAR1 activation
We further explored which ionotropic or metabotropic glutamate receptors on the NST astrocytes and neurons were activated after PAR1 stimulation. Bath application of the general NMDA receptor antagonist DL-AP5 significantly reduced the responses Bath application of glutamate/ATP combination evoked the same robust peak responses during exposure to FC and after FC washout in both neurons and astrocytes (unpaired t test; p Ͼ 0.05). These data suggest that the effects of the glial metabolic blocker FC specifically interfere with astrocytic ability to respond to metabotropic agonists (e.g., SFLLRN-NH 2 ) and that 200 M FC is not toxic to either neurons or astrocytes.
Figure 2. Astrocytes excite neurons directly after PAR1 activation. A, Calcium-imaging experiments with hindbrain slices containing the NST were perfused in the recording chamber with a bath solution containing 0.5 M TTX, 0.9 mM Ca 2ϩ , and 6 mM Mg 2ϩ TTX (i.e., "high Mg 2ϩ and low Ca 2ϩ "; presynaptic transmission blockade). Even under control conditions, astrocytes are more responsive than neurons to SFLLRN-NH 2 challenge (refer to Fig. 1B) . Presynaptic transmission block only slightly but significantly reduced the responses of both the neurons and astrocytes to the PAR1 agonist (unpaired t test; *p Ͻ 0.05 compared with the control neuronal response; ϩ p Ͻ 0.05 compared with the control glial response). These data suggest that the majority of the neuronal response to PAR1 activation is due to direct astrocyteto-neuron gliotransmission, although there is a small component that may be due to astrocyteinduced glutamate release from other neuronal sources (e.g., afferent terminals). B, Representative responses from an NST-astrocyte and NST-neuron in the same hindbrain slice evoked by bath application of SFLLRN-NH 2 under presynaptic transmission blockade conditions (TTX, high Mg 2ϩ , and low Ca 2ϩ ). C, As a demonstration of the ability to impede presynaptic neurotransmitter release via the use of high Mg 2ϩ and low Ca 2ϩ presynaptic transmission blockade, voltage-clamp experiments on NST-neurons recorded mEPSCs under both "control" (0.5 M TTX, 10 M bicuculline, 3 mM Ca 2ϩ ,and1mM Mg 2ϩ ) and "presynaptic block" (TTX and bicuculline, 0.9 mM Ca 2ϩ , and 6 mM Mg 2ϩ ) conditions. The inter-event interval significantly shifted to the right after presynaptic block ( p Ͻ 0.05; Kolmogorov-Smirnov nonparametric analysis), suggesting that presynaptic glutamate release is significantly inhibited by the "presynaptic block" protocol.
to SFLLRN-NH 2 in both astrocytes (9.8 Ϯ 1.6%; n ϭ 27) and neurons (4.4 Ϯ 0.8%; n ϭ 27) compared with the control conditions (Fig. 4, Table 4 ; p Ͻ 0.05; one-way ANOVA with Tukey's post hoc test).
Bath application of the AMPAR antagonist DNQX also significantly reduced the peak response of the astrocytes (17.5 Ϯ 1.4%; n ϭ 87; p Ͻ 0.05; one-way ANOVA with Tukey's post hoc test; Fig.  4 , Table 4 ), but did not influence the peak neuronal response (10.2 Ϯ 0.9%; n ϭ 45; p Ͼ 0.05; one-way ANOVA with Tukey's post hoc test; Table 4 ). These data are consistent with earlier studies showing that NST astrocytes express calcium-permeable AMPA receptors (McDougal et al., 2011) . Finally, bath application of the mGluR antagonist DL-AP3 did not significantly affect the astrocytic (24.7 Ϯ 2.7%; n ϭ 40) or neuronal (11.4 Ϯ 1.6%; n ϭ 8) peak response ( p Ͼ 0.05; one-way ANOVA with Tukey's post hoc test; Fig. 4, Table 4 ).
These data indicate that PAR1 stimulation with SFLLRN-NH 2 induces astrocytic glutamate release. The glutamate gliotransmitter then binds to and activates astrocytic NMDA and AMPA receptors, which further enhances the astrocytic calcium signal. Furthermore, the glutamate released from the astrocytes after PAR1 stimulation primarily acts upon NMDA receptors to evoke a calcium response in neurons.
Because DL-AP5 inhibited the responses of both astrocytes and neurons after PAR1 activation, it is possible the decreased neuronal response was due to diminished astrocytic glutamate release and not the inhibition of neuronal NMDA receptors. Subunitselective allosteric modulators for each of the four glutamatebinding GluN2 NMDA receptor subunits are available, allowing for selective targeting of the individual GluN2 subunits Ogden and Traynelis, 2011) . Previous studies indicate that the GluN2A and GluN2B subunits are expressed in NST neurons (Liu and Wong-Riley, 2010). Therefore, we used the GluN2A antagonist TCN 201 (Edman et al., 2012; Hansen et al., 2012) and the GluN2B antagonist ifenprodil (Williams, 1993) to attempt to selectively inhibit the neuronal NMDA receptors. Bath application of the GluN2B antagonist ifenprodil significantly inhibited the neuronal calcium response to PAR1 activation (8.7 Ϯ 0.9%; n ϭ 44) without inhibiting the astrocytic calcium response (25.7 Ϯ 1.7%; n ϭ 89; Fig. 5 A, B , Table 5 ; p Ͻ 0.05; one-way ANOVA with Tukey's post hoc test). However, bath perfusion with TCN 201 did not significantly alter either the astrocytic (19.8 Ϯ 1.2%; n ϭ 30) or neuronal (10.9 Ϯ 1.3%; n ϭ 13) response to SFLLRN-NH 2 stimulation ( p Ͼ 0.05; one-way ANOVA with Tukey's post hoc test; Fig. 5 A, C, Table 5 ). These data suggest that astrocytes stimulated by PAR1 activation release glutamate that in turn activates GluN2B-containing NMDA receptors on NST neurons. PAR1 stimulation induces astrocytic glutamate release. Hindbrain slices were perfused with the purinergic P2 receptor antagonist suramin for 10 min before SFLLRN-NH 2 stimulation. Purinergic receptor block had no effect on either the neuronal or astrocytic responses to PAR1 stimulation. In contrast, other hindbrain slices that had been perfused with the excitatory amino acid transporter blocker TBOA for 10 min before SFLLRN-NH 2 stimulation resulted in significantly higher peak calcium signals in both astrocytes and neurons compared with the control (one-way ANOVA with Tukey's post hoc test; *p Ͻ 0.05 compared with the control neuronal response; ϩ p Ͻ 0.05 compared with the control glial response). These results suggest that glutamate, but not ATP, is used as a gliotransmitter in response to NST-astrocyte PAR activation. Slices were pretreated with either a purinergic receptor antagonist (suramin) or an excitatory amino acid reuptake blocker (TBOA) and were then stimulated with SFLLRN-NH 2 . Peak responses were determined for each cell type. Suramin had no effect on either neuronal or astrocytic responses to PAR1 activation. In contrast, pretreatment with TBOA enhanced the responses of both cell types to PAR1 activation (one-way ANOVA and Tukey's post hoc test; *p Ͻ 0.05 compared with the control neuronal response; **p Ͻ 0.05 compared with the control glial response.) Figure 4 . Astrocytic and neuronal responses to SFLLRN-NH 2 are modulated by glutamatergic pharmacological tools. Hindbrain slices containing the NST were pretreated with one of the following conditions for 10 -15 min before stimulation with PAR1 agonist: control, DL-AP5, DNQX, or DL-AP3. The peak responses to SFLLRN-NH 2 are represented as the (⌬F/F )%. The nonspecific NMDA receptor antagonist DL-AP5 significantly reduced both neuronal and glial responses to SFLLRN-NH 2 . Application of the AMPAR antagonist DNQX significantly reduced glial but not neuronal responses to the PAR1 agonist; the broad spectrum metabotropic glutamate receptor antagonist DL-AP3 had no effect (one-way ANOVA with Tukey's post hoc test; *p Ͻ 0.05 compared with the control neuronal response; ϩ p Ͻ 0.05 compared with the control glial response). These data suggest that glutamate gliotransmitter release after PAR1 stimulation activates NST-neuronal NMDA receptors as well as NST-astrocytic NMDA and AMPA receptors, which further enhances the astrocytic activation. 
PAR1 activation increases mEPSC frequency in the NST
Our calcium-imaging data suggested that astrocytes may also modulate the presynaptic vagal afferent terminals that synapse in the NST. Therefore, we obtained whole-cell voltage-clamp recordings from NST neurons to determine whether astrocytic PAR1 increased the frequency of glutamate release from the vagal afferent synaptic terminals. mEPSC frequency, peak amplitude, and deactivation time course kinetics were evaluated. Actionpotential-dependent glutamate release was inhibited by TTX, and bicuculline was included in the recording solution to block GABA receptors. Exposure to SFLLRN-NH 2 increased mEPSC frequency because the inter-event interval significantly decreased compared with the TTX and bicuculline control ( p Ͻ 0.05; Kolmogorov-Smirnov nonparametric analysis; Fig. 6 A, B) . This is reflected by an increase in frequency from 18.8 Ϯ 7.8 Hz to 26.6 Ϯ 9.5 Hz (n ϭ 4). However, peak amplitude (13.1 Ϯ 1.4 pA vs 14.0 Ϯ 0.9 pA; Fig. 6C ) and deactivation time course (4.3 Ϯ 0.8 s vs 4.6 Ϯ 0.8 s; Fig. 6D ) were unchanged (paired t test, p Ͼ 0.05) compared with the control. The increase in mEPSC frequency was reversible, because the mEPSC frequency was reduced to 16.5 Ϯ 6.9 Hz after the slices were perfused with the control recording solution. Bath application of DNQX fully inhibited the mEPSCs. Previous behavioral studies have shown that GluN2B receptors on presynaptic vagal afferents control food intake (Guard et al., 2009a (Guard et al., , 2009b . Therefore, we also evaluated whether the GluN2B subunit mediates a component of the increase in mEPSC frequency evoked by bath application of SFLLRN-NH 2 . Slices were exposed to the control TTX and bicuculline solution, then the control solution plus ifenprodil, and finally the control solution plus both ifenprodil and SFLLRN-NH 2 . Bath application of ifenprodil significantly increased inter-event interval compared with the control solution (p Ͻ 0.05; Kolmogorov-Smirnov nonparametric analysis; Fig. 7) , which was reflected by a decrease in mEPSC frequency from 9.4 Ϯ 2.9 Hz in the control solution to 5.6 Ϯ 1.7 Hz in the presence of ifenprodil (n ϭ 5). These data suggest that GluN2B-containing NMDA receptors may be tonically active under basal, resting conditions. Concurrent application of ifenprodil plus SFLLRN-NH 2 increased mEPSC frequency to 6.5 Ϯ 1.8 Hz (n ϭ 5) and significantly reduced the inter-event interval (p Ͻ 0.05; Kolmogorov-Smirnov nonparametric analysis; Fig. 7) . However, SFLLRN-NH 2 plus ifenprodil increased mEPSC frequency by 119.3 Ϯ 4.9% over ifenprodil alone, whereas SFLLRN-NH 2 alone increased mEPSC frequency by 162.6 Ϯ 23.2% over the control. These data suggest that GluN2B-containing NMDA receptors may mediate a component of the SFLLRN-NH 2 -induced increase in mEPSC frequency.
To confirm that this increase in mEPSC frequency was due to astrocytic excitation of the presynaptic terminals and not to Figure 5 . GluN2B-containing NMDA receptors mediate NST neuronal response to PAR1 activation. A, Subunit-specific NMDA receptor modulators were used to determine which GluN2 subunit contributed to the neuronal calcium response after PAR1 activation. Hindbrain slices were pretreated with either the GluN2A antagonist TCN 201 or the GluN2B antagonist ifenprodil for 10 -15 min and then stimulated with SFLLRN-NH 2 . Ifenprodil selectively inhibited the neuronal response without altering the astrocytic response, suggesting that GluN2B receptors mediate the calcium signal in NST neurons. TCN 201 had no effect on either the astrocytic or the neuronal calcium response (one-way ANOVA with Tukey's post hoc test; *p Ͻ 0.05 compared with the control neuronal response). Responses from individual astrocytes (black) and neurons (gray) evoked by bath application of SFLLRN-NH 2 after pretreatment with ifenprodil or TCN 201 are shown in B and C, respectively. These results suggest that most of the PAR1 astrocyte-toneuron signal in the NST is carried by glial release of glutamate acting on NST-neuronal GluN2B-containing NMDA receptors. Slices were pretreated with ifenprodil or TCN 201 before being stimulated with SFLLRN-NH 2 . Peak responses were determined for each cell type. Ifenprodil selectively inhibited the neuronal response without altering the astrocytic response, suggesting that GluN2B receptors mediate the calcium signal in NST neurons. TCN 201 had no effect on either the astrocytic or the neuronal calcium response (one-way ANOVA with Tukey's post hoc test; *p Ͻ 0.05 compared with the control neuronal response). These results suggest that most of the PAR1 astrocyte-to-neuron signal in the NST is carried by glial release of glutamate acting on NST-neuronal GluN2B-containing NMDA receptors. Figure 6 . SFLLRN-NH 2 increases mEPSC frequency in the NST. A, mEPSCs (V HOLD ϭ Ϫ60 mV) were recorded from NST neurons to evaluate whether SFLLRN-NH 2 caused an increase in the frequency of glutamate release on to the postsynaptic NST neurons. A representative control recording (top) was obtained in the presence of bicuculline and TTX. SFLLRN-NH 2 increased the frequency of events (bottom) in the same recording. B, The distribution of inter-event intervals was shifted significantly to the left in the presence of SFLLRN-NH 2 (gray curve) compared with the control (black curve; Kolmogorov-Smirnov test, p Ͻ 0.05; see inset), indicating that the frequency of mEPSC events was increased after astrocytic activation by the PAR1 agonist. Neither peak amplitude (C) nor deactivation time course (D) was altered by SFLLRN-NH 2 (paired t test, p Ͼ 0.05). These data reinforce the view that SFLLRN-NH 2 has a significant, if small, effect to increase presynaptic excitatory inputs to NST neurons, as shown in Figure 2 .
PAR1 expressed on the terminals themselves, these experiments were repeated under astrocytic inhibition with fluorocitrate. Bath application of FC alone decreased mEPSC frequency, because the inter-event interval significantly increased compared with the TTX and bicuculline control ( p Ͻ 0.05; Kolmogorov-Smirnov nonparametric analysis; Fig. 8 A, B) . This is reflected in a decrease in frequency from 8.6 Ϯ 2.1 Hz under control conditions to 5.3 Ϯ 1.4 Hz after astrocytic inhibition with FC (n ϭ 4). These data suggest that astrocytes modulate the excitability of vagal afferent terminals even under basal conditions. Subsequent coapplication of SFLLRN-NH 2 and FC did not significantly alter mEPSC interevent interval compared with FC alone (p Ͼ 0.05; KolmogorovSmirnov nonparametric analysis; Fig. 8A,B) , as mEPSC frequency was 4.9 Ϯ 1.4 Hz (n ϭ 4). There was no significant difference in peak amplitude or deactivation time constant between the control, FC alone, or FC plus SFLLRN-NH 2 groups ( Fig. 8C,D ; p Ͼ 0.05; one-way ANOVA with repeated measures and Tukey's post hoc test). Finally, bath application of DNQX fully inhibited the mEPSCs. These data show that astrocytic PAR1 activation induces the vagal afferent terminals to increase the frequency of neurotransmitter release from the presynaptic terminals onto the NST neurons.
Discussion
The data from this study support five main findings. First, our calcium-imaging and electrophysiological data corroborate studies suggesting that PAR1 receptors are functional in astrocytes and not neurons of the NST (Hermann et al., 2009) . SFLLRN-NH 2 -induced increases in astrocytic and neuronal calcium signals are blocked when the cells are pretreated with the glial metabolic blocker, fluorocitrate. Second, the effects of fluorocitrate are not only reversible but also appear to be specific for metabotropic agonists in that astrocytes and neurons are still responsive to ligand-gated agonists even under FC conditions. Third, PAR1-stimulated astrocytes communicate directly with NST neurons. Blocking presynaptic vagal afferent glutamate release only partially inhibits the neuronal response after astrocytic activation. Therefore, a majority of the neuronal response is caused by direct astrocyte-to-neuron gliotransmission, but a minor component of the neuronal response may be due to astrocytic PAR1 stimulation of vagal afferent glutamate release. Fourth, astrocytes release glutamate, not ATP, after PAR1 activation, because TBOA potentiates the calcium responses in both astrocytes and neurons whereas DL-AP5 inhibits the calcium responses. Indeed, GluN2B-containing NMDA receptors mediate a significant component of the neuronal response after astrocytic PAR1 activation. Fifth, our electrophysiological data show that PAR1-activated astrocytes also release glutamate directly onto the presynaptic afferents that synapse upon the NST neurons. Bath application of SFLLRN-NH 2 significantly increased mEPSC frequency compared with control. Furthermore, fluorocitrate significantly inhibited mEPSC frequency, suggesting that astrocytes Figure 7 . Presynaptic GluN2B-containing NMDA receptors mediate a component of the SFLLRN-NH 2 -induced response on mEPSC frequency. A, mEPSCs (V HOLD ϭ Ϫ60 mV) were recorded from NST neurons under "control," "ifenprodil," and "ifenprodil ϩ SFLLRN-NH 2 " conditions to evaluate effects on SFLLRN-NH 2 -induced increase in mEPSC frequency. B, The interevent interval was significantly increased by bath application of ifenprodil (dark gray curve) compared with the control (black curve; p Ͻ 0.05; Kolmogorov-Smirnov nonparametric analysis). Although bath application of ifenprodil ϩ SFLLRN-NH 2 (light gray curve) significantly decreased the inter-event interval compared with ifenprodil ( p Ͻ 0.05; Kolmogorov-Smirnov nonparametric analysis; see inset), this was a very modest increase in mEPSC frequency relative to that we observed under control conditions (see Fig. 6 ). These data suggest that GluN2B-containing NMDA receptors on the presynaptic glutamatergic terminals (e.g., vagal afferents) may mediate a component of the mEPSC response evoked by SFLLRN-NH 2 -induced astrocytic glutamate release. also modulate afferent excitability under resting conditions. These data suggest that astrocytes modulate neurotransmission in the NST through two pathways: directly through astrocyte-toneuron gliotransmission and indirectly through astrocyte-topresynaptic terminal gliotransmission. In summary, the NST neuronal population is under the influence of astrocytic PAR1 receptors. PAR1 activation induces astrocytic glutamate release and activation of neuronal GluN2B-containing NMDA receptors. Astrocytes also have significant effects on vagal afferent glutamate release both under resting conditions and in response to PAR1 stimulation. These data suggest that the autonomic dysfunction that occurs after traumatic brain injury and an increase in thrombin production (Young et al., 1992; Lu et al., 1997; Gingrich and Traynelis, 2000; Hamill et al., 2009 ) may be the result of the activation of NMDA receptors on NST neurons.
NST glial-neural interactions in physiological context
Astrocytes are the most abundant cells within the CNS. Long thought to only have a passive, supportive role in neurovascular coupling and maintaining neuronal networks, it now seems likely that astrocytes regulate neuronal excitability and synaptic plasticity directly. A single astrocyte may contact tens to hundreds of thousands of synapses and, along with presynaptic terminals and postsynaptic neurons, will form what has been termed the "tripartite synapse" (Araque et al., 1999; Bushong et al., 2002; Halassa et al., 2007; Perea et al., 2009; Halassa and Haydon, 2010) . Astrocytes are activated by neurotransmitters released from neuronal presynaptic terminals, gliotransmitters released by other astrocytes, or other factors such as thrombin and all of these agents increase astrocytic calcium levels (Porter and McCarthy, 1996; Pasti et al., 1997; Bezzi et al., 1998; Kang et al., 1998; Araque et al., 2002; Scemes and Giaume, 2006; Lee et al., 2007; Hermann et al., 2009 ). This increase in astrocytic calcium is coupled to a release of gliotransmitters (Araque et al., 2001; Halassa et al., 2007; Perea et al., 2009; Halassa and Haydon, 2010) such as glutamate, ATP, and D-serine, among others (Parpura et al., 1994; Bezzi et al., 1998; Mothet et al., 2000; Coco et al., 2003; Angulo et al., 2004; Fellin et al., 2004) .
Previous studies have demonstrated a role for astrocytic PAR1 in synaptic transmission in other regions of the brain, particularly in the hippocampus, where the receptor is expressed predominantly in astrocytes but is also expressed in neurons (Weinstein et al., 1995; Junge et al., 2004) . Within the hippocampus, astrocytic PAR1 activation induces glutamate release and activates neuronal NMDA receptors, producing calcium influx and neuronal depolarization (Gingrich and Traynelis, 2000; Lee et al., 2007) . Furthermore, the protease plasmin and the PAR1 agonist TFLLR both potentiate the NMDA receptor component of hippocampal mEPSCs (Lee et al., 2007; Mannaioni et al., 2008) . Indeed, PAR1 activation and astrocytic glutamate release induces long-term potentiation via NMDA receptors and activated protein C (Maggio et al., 2008; Maggio et al., 2013) . PAR1 Ϫ/Ϫ mice have diminished NMDA-receptor-dependent long-term potentiation and learning and memory deficits (Almonte et al., 2007; Almonte et al., 2013) . Recent studies show that PAR1-activated astrocytes in the CA1 release glutamate through the calcium-activated anion channel Bestrophin-1 (Park et al., 2009; Oh et al., 2012; Han et al., 2013; Park et al., 2013) . It remains to be determined whether astrocytic PAR1s in the NST also release glutamate through this mechanism.
The studies we have presented here show that NST astrocytes activated by PAR1 stimulation communicate with both presynaptic terminals and with the NST neurons that process and relay visceral information. Astrocytes and neurons have robust calcium responses after PAR1 activation with SFLLRN-NH 2 even when presynaptic glutamate release is pharmacologically inhibited, suggesting direct astrocyte-to-neuron gliotransmission. Our electrophysiological data suggest astrocyte-to-presynaptic terminal communication also occurs in the NST, because mEPSC frequency significantly increases after bath application of SFLLRN-NH 2 . Furthermore, inhibiting astrocytic activity with fluorocitrate significantly decreases the frequency of glutamate release from presynaptic vagal afferents under resting conditions, indicating that astrocytes may maintain regulatory control or "tone" over glutamatergic neurotransmission in the NST. Therefore, these studies are the first to determine the roles of astrocytes in the tripartite synapse in the NST after PAR1 activation.
In our calcium-imaging studies, DL-AP5 inhibits both the astrocytic and the neuronal calcium response to PAR1 stimulation. Although these data suggest that NMDA receptors may be expressed on NST astrocytes and are activated by astrocytic glutamate release, our previous work suggests that NMDA receptor expression in rat hindbrain astrocytes is not robust (McDougal et al., 2011) . The diminished astrocytic response after NMDA receptor inhibition with DL-AP5 may be due to reduced neuron-toastrocyte or vagal afferent-to-astrocyte signaling.
NST glial-neural communications in historical context
The foundation for the glial-neuron signaling controversy was laid Ͼ100 years ago by two of the most famous antagonists in neuroscience: Camillio Golgi and Santiago Ramon y Cajal. Golgi developed his silver chromate "black reaction" stains in 1872 specifically to investigate glial morphology. Golgi rightly concluded that astrocytes are connected in a syncytial fashion, but made the error of extending this argument to include neuronal interconnections. Cajal modified the Golgi procedure and used improved optical techniques to conclude correctly that neurons maintain synaptic relationships, but concluded incorrectly that glial cells could not communicate through syncytial connections. The fallout from Cajal winning the neuronal argument in Stockholm in 1906 probably set glial-neural physiology back 90 years. The relatively recent discovery of glial-neural interactions that could modify synaptic strength or initiate changes in neuronal excitability (Pasti et al., 1997; Perea et al., 2009; Halassa and Haydon, 2010) were revolutionary, requiring a modern reexamination of the role of glial cells in brain function (Agulhon et al., 2010; Smith, 2010) .
However, the role of glia in regulating neuronal function is probably more conditional and circumstantial than has been conceived recently. Some of the earlier reports of glial-neural interactions involved strong activation of astrocytes in combined glial-neural culture systems, manipulations that could bias the preparation in favor of a demonstration of a glial effect on neurotransmission. A controversial follow-up study in the mouse strongly suggested that genetic manipulation of glial signaling pathways (and intrinsic glial "excitability") had no significant effects on hippocampal neurotransmission (Agulhon et al., 2010) . Although much of the controversy concerning the significance of glial-neural interactions is focused on hippocampus (Smith, 2010), a varied body of work has emerged showing that autonomic functions controlled by circuits in the medulla are powerfully modulated by inputs from chemosensing glial cells. Astrocytes, forming as they do the blood-brain barrier, are in the ideal position to provide autonomic control circuitry with essential chemosensor data. Glial detection of hypoglycemia, hypoxia, hypercapnia, markers of trauma (i.e., PAR), and immune activation may regulate the functions of adjacent autonomic control neurons. These effects, mediated by gliotransmission, can pro-duce significant effects on gastric motility, respiration, and cardiovascular control (Hermann and Rogers, 2009; Funk, 2010; Gourine et al., 2010; Gourine and Kasparov, 2011; Lin et al., 2013; McDougal et al., 2013) . Furthermore, autonomic glial-neural interactions are not unidirectional. There is now evidence to suggest that the responsiveness of "autonomic" astrocytes in the hindbrain can be regulated by visceral afferent neuronal inputs (McDougal et al., 2011; Accorsi-Mendonça et al., 2013) . Astrocytes in the hindbrain are therefore emerging as full partners with neurons in exerting integrated control over critical autonomic functions (Agulhon et al., 2013) .
